BACKGROUND: Nitrous oxide (N 2 O) has been widely used in clinical anesthesia for >150 years. However, use of N 2 O has decreased in recent years because of concern about the drug's metabolic side effects. But evidence that routine use of N 2 O causes clinically important toxicity remains elusive. We therefore evaluated the relationship between intraoperative N 2 O administration and 30-day mortality as well as a set of major inpatient postoperative complications (including mortality) in adults who had general anesthesia for noncardiac surgery. METHODS: We evaluated 49,016 patients who had noncardiac surgery at the Cleveland Clinic between 2005 and 2009. Among 37,609 qualifying patients, 16,961 were given N 2 O ("nitrous," 45%) and 20,648 were not ("nonnitrous," 55%). Ten thousand seven hundred fifty-five nitrous patients (63% of the total) were propensity score-matched with 10,755 nonnitrous patients. Matched nitrous and nonnitrous patients were compared on 30-day mortality and a set of 8 in-hospital morbidity/mortality outcomes. RESULTS: Inhalation of N 2 O intraoperatively was associated with decreased odds of 30-day mortality (odds ratio [OR]: 97.5% confidence interval, 0.67, 0.46-0.97; P = 0.02). Furthermore, nitrous patients had an estimated 17% (OR: 0.83, 0.74-0.92) decreased odds of experiencing major in-hospital morbidity/mortality than nonnitrous (P < 0.001). Among the individual morbidities, intraoperative N 2 O use was only associated with significantly lower odds of having pulmonary/respiratory morbidities (OR, 95% Bonferroni-adjusted CI: 0.59, 0.44-0.78). CONCLUSIONS: Intraoperative N 2 O administration was associated with decreased odds of 30-day mortality and decreased odds of in-hospital mortality/morbidity. Aside from its specific and well-known contraindications, the results of this study do not support eliminating N 2
www.anesthesia-analgesia.org May 2013 • Volume 116 • Number 5 N itrous oxide (N 2 O) was the first inhaled anesthetic and has been given to more than 1 billion people in >150 years of active clinical use, readily eclipsing the use of any other anesthetic. Despite its extraordinary history, there are reasons for concern. For example, prolonged administration to N 2 O (i.e., days) is clearly toxic, 1 and there is weak epidemiologic evidence suggesting that environmental exposure to N 2 O increased the risk of spontaneous abortion in dental assistants before effective scavenging was mandated. 2 Toxicity of N 2 O is presumed to result largely from inhibition of methionine synthase, 3, 4 which reduces proliferation of human peripheral blood mononuclear cells 5 and can cause megaloblastic anemia. 6, 7 Inhibition of methionine synthase by N 2 O elevates homocysteine concentrations, which impair endothelial function and may worsen myocardial ischemia. [8] [9] [10] For example, Hohner et al. 11 reported that N 2 O administration in high-risk vascular surgery patients increased intraoperative myocardial ischemia. Badner et al. similarly evaluated 90 patients randomized to anesthesia with or without N 2 O and observed a significant increase in homocysteine concentrations and cardiovascular events. 12 Consistent with this mechanism, a (nonsignificant) trend towards increased cardiovascular complications was identified in the recent Evaluation of N 2 O in Gas Mixture for Anesthesia (ENIGMA) study in which 2,050 patients were randomly assigned to N 2 O or oxygen. 13 The ENIGMA investigators also concluded that N 2 O significantly increases the risk of vomiting, wound infection, and pneumonia. 13 That N 2 O increases the risk of postoperative nausea and vomiting is well established, but nausea and vomiting are not life-threatening complications; furthermore, N 2 O is less emetogenic than volatile anesthetics. 14 The effect of N 2 O on surgical site infection is difficult to interpret since the ENIGMA trial compared N 2 O to oxygen, and supplemental oxygen per se may 15, 16 or may not 17 reduce wound infection risk. Similarly, high inspired oxygen concentration per se contributes to postoperative atelectasis and pulmonary complications. [18] [19] [20] There are thus well-established biochemical reasons to be concerned about the toxic effects of N 2 O, but evidence that routine use of N 2 O causes clinically important toxicity remains elusive. We therefore evaluated the relationship between intraoperative usage of N 2 O and all-cause 30-day mortality as well as an endpoint consisting of 8 major inpatient complications and all-cause in-hospital mortality in adults having noncardiac surgery with general anesthesia. Specifically, we tested the hypothesis that N 2 O use increases the odds of both 30-day mortality and a set of major inpatient complications. Our primary outcomes were all-cause 30-day mortality and a set of major in-hospital complications, including all-cause mortality, neurological, cardiac, pulmonary/ respiratory, infectious, urinary and hemorrhagic complications, wound disruption, and peripheral vascular complications (as defined in Table 1 ). As described below in more detail, we did not analyze the set of outcomes as a collapsed composite of " any-versus-none." Rather, a multivariate (i.e., multiple outcomes per patient) analysis was used to simultaneously capture the complete information on each component for a patient and the correlations among components. (Throughout this article, we use multivariate to refer to a model with multiple [and likely correlated] outcome variables, and multivariable to refer to a model with multiple independent variables.)
METHODS

Propensity Score Matching
Each patient who received N 2 O intraoperatively ("nitrous patient") was matched to a patient who did not ("nonnitrous patient") using propensity score matching. 21 Specifically, we first estimated the probability of receiving N 2 O (i.e., the propensity score) for each patient using logistic regression with N 2 O (versus air) as the outcome and adjusting for all baseline potential confounding variables listed in Table 2 . Medical history conditions were carefully defined to be preexisting (i.e., not hospital acquired) by using ICD-9 codes corresponding to chronic conditions. For example, (baseline) pulmonary disease includes COPD and asthma; dementia includes chronic organic psychotic brain syndromes, senile dementia, vascular dementia, and brain syndrome with brain disease; digestive disease includes esophageal disorders, gastro duodenal ulcer, and liver diseases; CVD includes essential hypertension, coronary atherosclerosis, cardiac dysrhythmias, and congestive heart failure.
We then 1:1 matched nitrous and nonnitrous patients using a greedy distance matching algorithm (SAS macro: gmatch a ), restricting successful matches to those with the same type of surgery (as characterized into 1 of 244 mutually exclusive, clinically appropriate categories and with a difference in estimated logit of the propensity score (i.e., log (p/(1 -p)), p: estimated propensity score) within 0.2 standard deviation of the propensity score logit across all patients, i.e., within 0.2 * 0.681 = 0.1362). 22 Assessment of balance on the covariables used for the propensity score matching was performed using standardized differences (i.e., difference in means or proportions divided by the pooled SD). Imbalance was defined as a standar dized difference >0.1 in absolute value (as suggested by Austin and others) 23, 24 ; any such covariables would be considered in the models comparing nitrous and nonnitrous patients on outcomes (see Primary Analyses) to reduce potential confounding. All of the analyses used this subset of matched patients.
Primary Analyses
Propensity score-matched nitrous and nonnitrous patients were compared on the 30-day mortality outcome using a multivariable logistic regression adjusting for any residual imbalanced covariables. We then assessed the "common effect" or "global" odds ratio (OR) of N 2 O across the individual in-hospital major complications/mortality using a multivariate (i.e., multiple outcomes) generalized estimating equation (GEE) model with unstructured covariance matrix. 25 We thus did not compare groups on the collapsed composite of " any-versus-none." Instead, we used a GEE model to estimate a single odds ratio for the association between N 2 O and the set of complications; the model contained one record for each possible complication per patient (i.e., 9 rows per patient) and adjusted for the within-subject correlation across the outcomes. To account for multiple testing while maintaining a type I error of 0.05, we used a significance criterion of P < 0.025 for each of the 2 primary outcomes (Bonferroni adjustment).
We assessed the heterogeneity of the N 2 O effect across the components of the in-hospital outcomes in a separate "distinct-effects" GEE model in which the individual component odds ratios were compared. 26 Significant heterogeneity, especially in opposite directions, would suggest that the individual odds ratios be given more importance than the global odds ratio. 26, 27 Since heterogeneity was found, we reported and tested the individual odds ratios (total of 9) from the distinct effects GEE model along with the overall common effect odds ratio. A Bonferroni correction for multiple comparisons was used to control the type I error at 0.025, so that P < 0.003 was considered significant (i.e., 0.025/9 = 0.003).
Secondary Analyses
We also assessed the interaction between N 2 O and age, gender, and year of surgery on each of the primary outcomes using logistic regression or multivariate GEE model, as appropriate. In the presence of a significant interaction (P < 0.10), the association between N 2 O and the outcome was estimated within levels of the interacting factor. Finally, we descriptively compared the propensity score-matched nitrous and nonnitrous patients on intraoperative hemodynamic characteristics, including vasopressor (ephedrine, phenylephrine, and epinephrine), antihypertensive, opioid (morphine equivalent, mg), and bronchodilator usage, using standardized difference and by standard statistical tests. Intraoperative hemodynamic monitoring data, inhalation anesthetics, and oxygen were acquired from our electronic anesthesia record-keeping system, which continuously records minute-by-minute data from the physiologic monitors throughout the intraoperative period. Arterial blood pressure in patients with invasive arterial catheters was recorded each minute, and in patients without an arterial line it was recorded at 1-to 5-minute intervals.
SAS software version 9.2 for UNIX (SAS Institute, Cary, NC) (for propensity score matching and outcomes assessment) and R software version 2.8.1 for Windows (The R Foundation for Statistical Computing, Vienna, Austria) (for figure and tables) were used for all statistical analyses. All the reported confidence intervals (CIs) were appropriately adjusted by Bonferroni correction. All tests were 2-tailed.
RESULTS
Thirty-seven thousand six hundred nine patients (16, 961 [45%] N 2 O and 20,648 [55%] nonnitrous) met our inclusion criteria. We successfully matched 10,746 N 2 O patients (75% of the total) with 10,746 nonnitrous for a total of 21,492 patients. Our propensity score-matched subset retained 136 (77% of 177 categories before matching) AHRQ-CCS software categories (Supplemental Data File 1, see Supplemental Digital Content 1, http://links.lww.com/AA/A350). The 41 (23%) unmatched AHRQ-CCS categories represented only 0.4% of our study population.
As seen on the left side of Table 2 , nitrous patients were generally healthier (lower Charlson comorbidity score and lower ASA status), and less likely to have digestive disease (standardized differences >0.1 in. absolute value). As expected, all of the factors in Table 2 were much better balanced in the 21,492 patients who were matched by propensity scores ( Table 2 , right panel). Only ASA status year of surgery and the anesthesiologist were slightly imbalanced between the matched nitrous and nonnitrous patients, with absolute standardized differences of 0.11, 0.10, and 0.17, respectively. We thus adjusted for ASA status and year of surgery in the multivariable model comparing the propensity-matched nitrous and nonnitrous patients on outcomes. We did not readjust for anesthesiologist because balance was excellent and the standardized difference for a variable with 75 categories can be overly sensitive. The summary of baseline factors between matched and unmatched patients is also provided in Supplemental Data File 2 (see Supplemental Digital Content 2, http://links.lww.com/AA/A351). Table 3 summarizes intraoperative factors between the propensity score-matched nitrous and nonnitrous patients. Nitrous patients, on average, were given less desflurane and sevoflurane (standardized differences >0.3 in absolute value). Intraoperative inspired oxygen concentration was slightly less in nitrous patients (median, 46%) than in those who were not (median 55%, standardized difference −1.0). No clinically important differences (i.e., standardized difference >0.1 in absolute value) were observed on any other intraoperative factors between nitrous and nonnitrous patients, although some of them were statistically different due to large sample size (P < 0.05).
Using the propensity score-matched groups, receiving N 2 O was associated with decreased odds of in-hospital major complications/mortality (P < 0.001); the corresponding common effect odds ratio of N 2 O administration across the individual in-hospital complications/mortality was estimated as 0.83 (97.5% CI: 0.74-0.92) ( Table 4 and Fig. 1 ). Furthermore, receiving N 2 O was associated with decreased odds of 30-day mortality (P = 0.02; OR: 0.67 [97.5% CI: 0.46-0.97], Table 4 and Fig. 1) .
The association between intraoperative administration of N 2 O and outcome was not consistent across the individual in-hospital surgical morbidities (N 2 O × Morbidity interaction P < 0.001). We therefore also evaluated the association between N 2 O and each specific major complication included in the set of in-hospital outcomes ( Table 4 and Fig. 1 ). Intraoperative administration of N 2 O was significantly associated only with decreased odds of pulmonary/ respiratory morbidity (OR, 95% Bonferroni-adjusted CI: 0.59, 0.44-0.78; P < 0.001). The average amount of N 2 O received intraoperatively was descriptively similar between patients with history of pulmonary disease (53% ± 11%) and patients without (54% ± 10%, standardized difference of -0.13). Besides pulmonary/respiratory morbidity, all other odds ratios (except for neurological and peripheral vascular, both slightly above 1.0) were in the direction of N 2 O administration being protective, which helps explain why the overall common effect odds ratio was significantly less than 1.0.
We also found that the association between intraoperative administration of N 2 O and the 30-day mortality depended on age (N 2 O × Age interaction P = <0.007). However, intraoperative administration of N 2 O was not significantly associated with 30-day mortality within any of the 4 quartiles of age. Furthermore, there was no N 2 O × Age interaction effect on the set of major in-hospital complications/mortality (P = 0.82). Finally, intraoperative administration of N 2 O did not depend on either gender or year of surgery for either of the primary outcomes (all P > 0.10).
DISCUSSION
Intraoperative use of N 2 O was associated with decreased 30-day mortality in this nonrandomized propensitymatched study. This result is contrary to the ENIGMA trial www.anesthesia-analgesia.org aNesthesia & aNalgesia and also to the 3.5-year follow-up 28 of patients randomized to N 2 O or oxygen in the ENIGMA trial. 13 The odds of experiencing in-hospital mortality or a nonfatal major in-hospital complication were an estimated 17% lower (OR, 97.5% CI: 0.83, 0.74-0.92) in those patients given N 2 O. The reduced odds of major outcomes were driven by significantly lower odds (−40%) of pulmonary/respiratory complications. In contrast, the odds of in-hospital mortality and infectious complications were similar in patients who were and were not given N 2 O.
Cardiac complications, intraoperative arterial blood pressure, heart rate, and consumption of vasoactive drugs were all comparable in patients who were or were not given N 2 O. This observation contrasts to a nonsignificant trend towards more cardiac complications in the ENIGMA trial. 13 We note, though, that ENIGMA patients were expected to remain hospitalized for at least 3 days, whereas our population included outpatients and patients undergoing minor procedures. 13 ENIGMA patients were also apparently given more N 2 O than our patients (≈70% versus ≈55%). More important, complication tracking was far more intense in the ENIGMA trial that was randomized than in our registry analysis that depended on complications being coded for billing purposes. A long-term follow-up study of [29] [30] [31] Surprisingly, N 2 O use was associated with a substantial and statistically significant 41% reduction in odds of having pulmonary/respiratory complications. This may be the result of a selection bias, in that N 2 O may have been avoided in patients with pulmonary disease, at least in those who required a high inspired oxygen fraction. As in other institutions, 32 patients who were not given N 2 O appear to have been given roughly comparable amounts of medical air, which of course contains 21% oxygen. Consequently, the inspired oxygen fraction was about 10% greater than in patients not given N 2 O. A 10% difference seems unlikely to provoke complications, but high inspired oxygen fractions can lead to oxygen absorption, alveolar collapse, and postoperative complications. 18, 19 A direct effect of N 2 O on the lung may also have contributed to reduced pulmonary complications. It is well established that N 2 O is an N-methyl-d-aspartate (NMDA) receptor antagonist. NMDA receptors are present in the lungs 33 and are key intermediates in the pathogenesis of hyperoxia-induced lung injury via reactive oxygen species. 34 As might thus be expected, several studies show that hyperoxia-induced pulmonary damage is attenuated by NMDA receptor antagonists. 34, 35 Surfactant synthesis by alveolar epithelial type II cells is down-regulated by NMDA receptors. 36 To the extent that N 2 O reduces activation of NMDA receptors, surfactant synthesis may be enhanced and lung injury reduced. 36 It is reasonably well established that N 2 O reduces the required concentration of volatile anesthetics by 20%-15%. 37 In the ENIGMA trial, 13 for example, volatile anesthetic use was reduced 23% in patients given N 2 O. Our results were similar, with volatile anesthetic use being reduced 17%-26% in patients given N 2 O. In contrast, opioid use was comparable, probably because individual opioid requirements are nonobvious, leaving clinicians to give opioids largely by protocol.
An advantage of our registry is that the sample size is large and presumably fairly generalizable. Furthermore, inclusion criteria were uniform and reliability was enhanced by consistent data collection. There are nonetheless distinct limitations to retrospective analysis of registries. For example, inspired concentrations of N 2 O were not recorded. Consequently, our analysis is based on the dichotomous use of N 2 O, rather than administered dose. This limitation prevented us from assessing a dose-response relationship between nitrous oxide and outcome, a key component of establishing causal inference. But most important, our analysis is retrospective, which eliminates the protections against confounding due to selection bias that is normally provided by randomization. Our use of appropriate statistical techniques, especially propensity matching, nonetheless provides some protection against selection bias and confounding due to measured baseline factors. But to the extent that there are additional unmeasured (and thus not unadjusted) confounding factors, our results might be biased. A limitation of propensity score matching is that some patients are not matched and therefore not included in the analysis, thus reducing precision of the estimated treatment effect and also limiting the generalizability of conclusions to patients similar to those studied. As a sensitivity analysis (data not presented) we also assessed the association between nitrous oxide use and outcome adjusting for confounding using a multivariable model instead of propensity score matching; this analysis using all patients gave nearly identical results as our propensity score matching.
An additional limitation is that our outcomes, aside from 30-day mortality, are based on in-hospital ICD-9 billing codes rather than being specifically and prospectively evaluated. It is thus likely that some clinically important in-hospital events, such as silent myocardial infarctions, were not recorded. Furthermore, postdischarge complications were not included in our analysis. To the extent that outcomes occurred postoperatively or were missed through incomplete coding, reported frequencies will underestimate the true incidence. But unless outcome identification in our registry is biased (i.e., nonrandomly erroneous in patients given or not given N 2 O), reported odds ratios will remain accurate.
In summary, our analysis of a large registry indicates that intraoperative N 2 O administration was associated with lower odds of both 30-day mortality and of the odds of a set of serious in-hospital complication events. N 2 O is the longest-serving anesthetic; aside from its specific and well-known contraindications, the results of this study do not support eliminating N 2 O from anesthetic practice. E Figure 1 . Odds ratios of 30-day mortality and each individual in-hospital morbidity/mortality, and the generalized estimating equation "common effect" odds ratio (OR) across the individual in-hospital outcomes, occurring in the nitrous and nonnitrous patients. Analyses used the propensity score-matched patients (n = 21,492), adjusting for ASA status and year of surgery. *Confidence intervals (CIs) were Bonferroni adjusted. Confidence intervals for the 2 primary outcomes: 30-day mortality and "overall" in-hospital morbidity/mortality were 97.5% (i.e., 0.05/2 = 0.025); for the 9 in-hospital outcomes were 99.7% (i.e., 0.025/9 = 0.003).
